Dominant fractions of wastewater effluent organic matter (EfOM) were changed from polysaccharides (PS) to polyhydroxyaromatics (PHA), throughout the constructed treatment wetland connected to a wastewater treatment plant, as measured using pyrolysis gas chromatography-mass spectrometry (Py-GC/MS). The changes in the fractions were also identified, with respect to molecular weight (MW) distributions of the effluent organic matters, as measured using high performance size exclusion chromatography equipped with both UV and fluorescence detectors, for aromatic/hydrophobic and protein-like organic substances, respectively; organic matter, with MWs of approximately 2,500 and 20,000 Da, and approximately 38,000 Da, as measured by the UV and fluorescence detectors, respectively, were newly formed after the wetlands, especially for the samples of the Typha wetland in June and August against in December. Thus, with the above two different analyses, the humification type of transformation of EfOM through the treatment wetland, was believed to occur, probably due to biological transformation (from the comparison of results in June and August with those in December). It was anticipated that the humification of EfOM could reduce biodegradable organic portions of wastewater effluents even though total organic carbon levels were not reduced that much after the treatment wetland.
INTRODUCTION
When constructed treatment wetlands are used for the treatment of wastewater effluents, they generally exhibit high removal efficiencies for organic matters (60-99%), in terms of biochemical oxygen demand (BOD) and chemical oxygen demand (COD), and medium (sometimes low) efficiencies for nutrient determinants, such as ammonia, nitrate, total phosphate, and others (Brix & Kolka & Thompson () investigated and summarized many case studies with treatment wetlands for the control of various contaminants, including organic matters, nutrients, and heavy metals.
Free water surface constructed wetlands (FWS CWs) resemble natural wetlands, with relatively shallow water levels and a horizontal flow of a relatively slow velocity. The advantages of FWS CWs are relatively low construction cost, and simple and easy maintenance (Kadlec & Knight ; Vymazal ) . For these reasons, FWS CWs have been widely used in Korea for the purposes of further flushing of wastewater effluents and micropollutants control (Kim et al. ; Park et al. ; Lee et al. ; Chon et al. a) .
Wastewater effluent organic matters (EfOM), including various biopolymers and even humic substances, play significant biogeochemical roles (i.e., as an energy source for bacteria growth and metabolism) in both natural and constructed wetlands (Wetzel ; Fujita et al. ; Quanrud et al. ) . The level of EfOM is represented with dissolved organic carbon (DOC); throughout the treatment wetlands, DOC levels fluctuate from combinations of microbial degradation and other chemical transformations of EfOM and organic matters leaching from wetland plants (Schnitzer & Khan ; Thurman ; Pinney et al. ) . As compared to studies on EfOM from wastewater treatment plants, characteristics of DOC (i.e., transformed EfOM) after the constructed wetlands, in terms of biopolymer composition and biodegradability for water quality management purposes, have been rarely conducted (Pinney et al. ; Barber et al. ; Quanrud et al. ) . Thus, the objective of this research was to investigate the characteristics of EfOM, after being treated in constructed treatment wetlands, in terms of biopolymer compositions (especially potential humification and subsequent reduced biodegradable DOC portions), and to demonstrate the efficacy of the wetlands, from the perspective of water quality management for a catchment river receiving the wastewater effluent.
MATERIALS AND METHODS

Sampling
Sampling at each site involved field measurements of pH, temperature, conductivity, and oxidation-reduction potential (ORP) (mV From an on-site investigation, the water quality of the wetland effluent appeared to be influenced mostly by the Acorus pond, with some influence due to the stagnant pond with Typha. The average length, width, and depth of the entire wetland was ca. 220, 30, and 0.13 m, respectively (Chon et al. a) . The tested wetlands have already been investigated with respect to the control of dissolved organic matter, nitrate, sulfate and some heavy metals (Park et al. ) . The samples were filtered with 0.45 μm micro-filters (Mixed cellulose ester, Advantec, Japan) and were stored at 4 W C for further analysis. The following analysis was performed within one week of taking samples.
Analytical methods
The DOC and total nitrogen (TN) of the wastewater and wetland effluent samples were measured using a total organic carbon analyzer (TOC-V CPH, Shimadzu, Japan) equipped with a TN analyzer (TNM-1, Shimadzu, Japan). The UV absorbance at 254 nm (UV 254 ) was measured using a UV-vis spectrophotometer (UV-1601, Shimadzu, Japan). The specific UV absorbance (SUVA) value (as an indicator of aromaticity) was calculated from the UV 254 divided by the DOC concentration. Both nitrate and nitrite concentrations of the samples were measured using an ion chromatography (IC) apparatus (DX-120, Dionex, CA, USA), equipped with an AS14 column (4 × 250 mm, Dionex, CA, USA). The molecular weight distribution of DOC was measured by high performance size exclusion chromatography (HP-SEC) using UV (SPD-10Avp, Shimadzu, Japan) and fluorescence (RF-10A XL, Shimadzu, Japan) detectors with an SEC column (protein pak 125, 7.8 × 300 mm, Part No. WAT084601). The UV wave length was 254 nm to detect aromatic compounds. The excitation (279 nm) and emission (353 nm) wavelengths of the fluorescence detector were used to identify protein-like substances. The fluorescence properties of organic matter were confirmed using a fluorescence spectrophotometer (model F-2500, Hitachi, Japan) with a 400-W xenon lamp (Tokyo, Japan). The three-dimensional excitation-emission matrix was obtained by measuring the excitation and emission spectra in the range from 220 to 500 nm at 10 nm intervals with a scan speed of 3,000 nm/min. A 500 ml sample was concentrated to 50 ml with a rotary evaporator (Eyela, Japan). Concentrated samples were dried using a freeze dryer (Ilshin, Korea) prior to pyrolysis gas chromatography-mass spectrometry (Py-GC/MS) analysis. Curie-point Py-GC-MS was conducted on an Agilent 7890A gas chromatograph coupled to a 5975C quadrupole mass spectrometer (electron energy 70 eV, scanning from 40 to 500 amu, ion source temperature 220 W C). About 0.5-1.0 mg of freeze-dried sample powder was wrapped in pyrofoil and inserted into a quartz tube and inductively heated to their Curie temperature of 590 W C by a Curie point injector JCI-22 (Japan Analytical Industries, Japan). Pyrolysis fragments were separated by GC equipped with a DB-5MS (Agilent Technologies, USA) column (30 m × 0.25 mm × 0.25 μm), and identified using a mass spectrometer. The temperature program of the GC oven was initially kept at 40 W C for 5 min then subsequently heated to 300 W C at a rate of 7 W C/min and held at 300 W C for 10 min, giving a total run time of 52.14 min. The interpretation of the pyrochromatograms was performed based on the methods described in Bruchet et al. () . Each peak compound was identified based on its mass spectra by comparing them with library spectra (NIST 05) and literature data (Ralph & Hatfield ) .
RESULTS AND DISCUSSION
The basic water characteristics of the tested samples are summarized in Table 1 . The Typha wetland showed relatively anoxic conditions, as identified from reducing potential value of À96 and À20 mV due to the relatively high vegetation density and low flow rate in the Typha wetland. The Typha wetland showed relatively oxic conditions in winter compared to summer due to the presence of less vegetation in the wetland during winter. DOC significantly increased >140% in the Typha wetland compared to the wastewater treatment plant (WWTP) effluent in June and August. It might be caused by leaching from decaying wetlands plants or sediment. Nitrate was successfully removed throughout the wetlands, especially by the Typha wetland. The nitrate removal efficiency of the Typha wetland was 99, 68 and 59% in June, August and December, respectively. This was due to microbial denitrification under the relatively anoxic conditions (Chon et al. a) . The concentration of DOC did not increase in the Typha wetland in December. Nitrate was not efficiently removed throughout the wetland in December compared to June and August. The constructed wetlands exhibited relatively low performance for the removal of wastewater effluent organic matter in the summer (removal efficiency of < 1%) and winter (removal efficiency of 26.9%) seasons.
Changes in the molecular weight (MW) distribution of the aromatic substances throughout the constructed wetlands are shown in Figure 2 . The MW of aromatic substances ranged from 1,300 to 2,800 Da in June, August, and December. However, the aromatic substance of the Typha wetland was of a relatively high MW (19,000 Da) in June and August which is evidence of the humification of EfOM, especially in the summer season. Both low MW (420-1,100 Da) and high MW (3,800 Da) were found to be major fractions for the protein-like substances, as shown in Figure 3 . There were no significant differences in the MW distribution of protein-like (i.e. non-humic) substances in summer and winter.
Variations in the fluorescence characteristics of EfOM throughout the constructed wetlands are shown in Figure 4 . Each sample had two strong maxima at Ex ¼ 250 nm/Em ¼ 420 nm and Ex ¼ 310 nm/Em ¼ 410 nm. The maximum peak of samples appeared near the reference material of the humic-like fluorescence (Suwannee River humic and fulvic acids) (Chon et al. b) . Two strong humic-like fluorescences were commonly observed throughout the wetlands at the similar Ex and Em wavelength but protein-like fluorescence was not observed. The 3D fluorescence excitation-emission matrix of EfOM did not change significantly as a consequence of wetland treatment, and there was no significant seasonal effect on the fluorescence characteristic of EfOM.
The fragments and peak area percentage of each sample were identified and are listed in Table 2 based acetamide, furan, 2-methyl, 2-butanone, and 3-vinyl-1-cyclobutene in WWTP effluent, Acorus, Typha, and wetland effluent, respectively. The proportions of amino sugar were low compared to other fragments. There were no fractions of amino sugar in Typha wetland and wetland effluent samples in August. The main pyrolysis fragments of amino sugar were acetamide in both wastewater effluent and the Acorus wetland. The most dominant pyrolysis fragments of protein were 1,2-benzendicarbonitrile, benzonitrile, toluene, and benzonitrile in each sampling site in August. The most dominant pyrolysis fragments of PHA were 1,2-benzendicarbonitrile, 1,3-benzendicarbonitrile, phenol, 4-methyl, and 1,3-benzendicarbonitrile in WWTP effluent, Acorus and Typha, wetland effluent, respectively. The largest contributor to the lignin fraction in August was benzaldehyde, 4-methyl, benzaldehyde, 2-methyl, toluene, and benzaldehyde, 4methyl in WWTP effluent, Acorus and Typha, wetland effluent, respectively. The largest contributor to the polysaccharide fraction was furan, 2-methyl-, furan, 2, 5dimethyl, and acetic acid in wastewater effluent, Acorus and Typha, respectively in December. There was no fraction of polysaccharide in the wetland effluent. There were no fractions of amino sugar in wastewater effluent and Acorus samples collected in December. Acetic acid and acetonitrile were the most dominant fragments of amino sugar in Typha and wetland effluent collected in December. The most dominant pyrolysis fragments of PHA were Ethanone,1,1 0 -(1,4phenylene) bis-, benzene, nitro, 1,3-benzendicarbonitrile, and Ethanone, 1,1 0 -(1,4-phenylene) bis-in each sampling site from WWTP effluent to wetland effluent in December.
The largest contributor to the lignin fraction was ethylbenzene, benzaldehyde, 4-methyl, benzaldehyde, 4-methyl and benzaldehyde, 2-methyl in each sampling site from WWTP effluent to wetland effluent in December. The percentage of biopolymers, calculated from Py-GC/ MS analysis of samples collected in June, August, and December 2011, are given in Table 3 . The proportion of biopolymer combining PHA and lignin in the Typha wetland significantly increased to more than double compared to that of effluent organic matter in June and August. It may be due to dissolved organic matter leaching from decaying wetland plant material in the summer season. As opposed to summer, the percentage of biopolymer combining PHA and lignin decreased by 26. 7% in the Typha wetland in December. However, the proportion of biopolymer combining PHA and lignin in wetland effluent increased by 57.6% compared to that of WWTP effluent. It proves that the constructed wetland promoted aromaticity/hydrophobicity of EfOM in both summer and winter. This result corresponds to previous findings that wastewater effluent organic matter became more aromatic and oxygenated during wetland treatment (Barber et al. ; Quanrud et al. ) .
CONCLUSIONS
In this study, the humification of wastewater EfOM, throughout the surface-flow treatment wetland, was identified, with respect to changes in relative biopolymer portions and molecular weight distributions of organic matters, as measured using pyrolysis GC/MS and HP-SEC with both UV and fluorescence detections, respectively. Compared to control of nitrogen, through denitrification in the wetlands, efficiencies of organic carbon control, in terms of DOC, were relatively low. However, the characteristics of organic matters were changed to be come more hydrophobic/aromatic (i.e., by humification). From the findings, it can be hypothesized that constructed treatment wetlands connected to wastewater treatment plants substantially lower biodegradable organic portions of DOC, thus, subsequently contributing to minimization of water quality deterioration of a catchment river by discharge of wastewater effluents. LG ¼ lignins.
N.D.: not detected.
